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K/ Problem: modeling mitigation/control of tearing modes &
(magnetic islands) by electron cyclotron current drive (ECCD)

*Neoclassical tearing modes generate magnetic
islands in tokamaks; pressure profile flattening =>»
altered plasma bootstrap current profile = self-
reinforcing altered confinement.

e|slands grow to macroscopic scales before
nonlinearly saturating, causing degraded
confinement and the possibility of disruption.
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Figure from Prater et al., Nucl. Fusion 47, 371 (2007).

*Experimentally, RF waves resonant with
electron cyclotron motion can drive currents
that alter or suppress the island structures.

*Numerically, we want to detect the modes
and suppress them in the same way that
experimentalists do; however, also want to

find ways to optimize control systems.



% Plasma Control System monitors MHD physics and

adjusts RF inputs accordingly

*Synthetic diagnostics in NIMROD provide data to the control system and
enable calculation (or ad hoc adjustment, as in experiments) of RF input

parameters for GENRAY.
GENRAY
preprocessor
NIMROD
(MHD)

Plasma Control
System

GENRAY
(RF)

QLCALC QHULL
(diffusion (computational
coefficients) geometry)

it



% A basic numerical Plasma Control System for the

RF/MHD problem

it

/

Read MHD data
(synthetic Mirnov)

/P

Yes

, No

Calculate new

No

RF parameters <
in some Send new RF
sensible way —> inputs to
GENRAY

-Time modulated RF vs. continuous RF
-Relative size of island and RF deposition
-“Perfect” vs. “pragmatic” control system; optimization
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' /K/ Mode detection is carried out using synthetic Mirnov
coil diagnostics in NIMROD

*NIMROD'’s toroidal Fourier

representation is essentially
a processed signal from Mirnov
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eExtract NIMROD data with python; fit
data; extract amplitude, growth rate,
and toroidal rotation frequency.



Initial control system tests seem promising

hMagnetic energy vs. time, 22 modes

n=1 Fourier mode
energy (~ island width) ~
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*\When mode amplitude exceeds threshold, PCS injects ECCD at island O-
point; island shrinks.

*Mode growth resumes when PCS is shut off.



/

Fourier components of magnetic energy (~island width) vs. time

Further work on the PCS algorithms is needed to
optimize the mode stabilization

*RF deposition slightly
outside the rational surface
gives a more rapid initial
stabilizing effect (consistent
with observations from
2010 PoP paper).

*\ery sensitive to RF

alignment (La Haye
NF 2009)



Rapid changes in the steering angle of the RF may
lead to numerical error

X Magnetic Energy vs. t
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K How is RF power transferred to the plasma?

it

Ofa 6fa
i TV Viat Z[B+vxB]: ZC(fa,fﬁ
Kinetic +
Maxwell: V.B=0 V.E = an /fa d3v
VXE__E VXleLO;Qa/fan +C_2§
Use vector identities to get
ExB) ( B> ¢,E*\ E-J

V- - +
2u, o\ 2u, 2 2 '\

Wave-plasma

Poynting vector . .
erla Wave energy density interaction

(power/area)

All power-related terms are quadratic in the field amplitudes...



& Decompose fields and distribution functions to
account for RF and MHD spatiotemporal scales

2

Distribution function perturbations
(induced by RF, evolving on MHD

/ time and spatial scales, complex)

foo = Faras(,,1) + €Fa(x, v, 1) + (¢/2) fal (%, v, )€™ + (e/2) fol™ (x, v, 1)e ™0
E = Eos(x,t) + (¢/2)Es(x,1)e™ ™ + (¢/2)E} (x, t)e " (8 |
B = Bou(x,£) + (¢/2)Bs(x, 1)) + (¢/2)B3 (x, t)e ™" (<0,

— / \ Rapidly varying phase of

Kinetic distortion
Local Maxwellian (for closure)

MHD fields RF field amplitudes (evolving on MHD RF fiellds/d.f. perturbations
time and spatial scales, complex) (complex)
RF terms are real, ~ SRe[faljF(x,v,t)eiwx’t)]
Phase satisfies N(x,1)

k(D =Vip(en  o,0n) ===

where k (x,t) and w(x,t) variation is on the MHD spatiotemporal scales;

Y=k x—-wt onRF scales



& Averaging over the RF period gives a separable system

Several kinds of terms appear in the kinetic equation:
No phase information — MHD equations & closures

iP(x,t) _ :
¢ RF equations Define an average over the RF period:;

t+T/2

(€6c,1) = 7 / £(x,1) dt

t—T/2

e WD-v (xDI - _ quasilinear terms

2iy(x,t)

e — nonlinear terms

MHD and QL pieces do not vanish in the averaging;
0N
ot

+ A\ (n‘usvus) =0

ot

62 (ei(u:—d;')>
4

8vus
MaNus ( — + (Vu.-; ) v)vus) - _v(nasTa:;) —€eV - Ha + aNas [EOs + vus X B[]s] + Ru

+

2/ i(Y—u") ,
SR +|E 3 )qu/fff[E;+v><B;]d3v+c.c.

gnru,,. (dg‘;w + (Vas * V)Tua) + n’usTasv ' vas - _Ev ‘Qy — CHQ . vvus + QQ

€2<ei(ur»—-¢:'))
4

€2<ei($—¢-)>
4

0Qa +

Qo [(E; + Ve x BI) - / FAF(y — V) d3v] +c.c.

along with Maxwell’s equations (separable) and closure equation (complicated)



Z RF wave propagation — linearized fluctuations about the
averaged (MHD) physics

RF terms ~e¢ ; neglect nonlinearity, collisions, MHD spatiotemporal variation,
terms small in MHD..

Ge"b fé?" +V%RI -|-1, +V VU) ftﬁ-l :: (%-‘-VXBob) 6.2%}[‘.
(E +VXB) (f’t!us /z)— [C(W+CW)}+CC

fRI‘
21w (E/V/ Ylas ZC RI, ﬁs) +c.c.
Ry
[e*(*’ R G (qu /V/{{ Ofas c fs‘,fsf")) tee=0
8

Solution (generalization of Kennel/Engelmann [Phys. Fluids 9, 2377 (1966)] result):

—ing ~vi/2v2n__, - (v -V, 05)2/21,'-’0
fRI — ezz sin ¢ E : i€ QoM s€ tas@ I t
- WM U, ,(2m)3/2

it

iP(x,t)

: [ - Jn(z)vilass
(W =k V]as)

+
(w— kv — nQas)

(B @+ i0, 7, ()0 + 0, 7u(2)2) | - B,
L



I ;/ With the solution for f,*f, we can get the dispersion
relation from Maxwell’s equations

ki xE, = wB,;
ke x By] = —wE,— Z St / iy diy

) N.,.x(N,,.xE,,)+Es+Zx<_,-ES=0 or I3-Es=0 for tensor D.

and an equation for the local RF power balance;

E xB' E xB B> eE -(+x")E)\ iewE - x"E
ks' s s + s s = s + 0~s ( X) s + 0 s X s
2u, 2u, 2 u, 2 2
Poynting vector Wave/plasma energy Dissipative wave-
(power/area) density (nondissipative) plasma interaction
real part: along surfaces of constant phase:
- S = d H,t] o ),t] o 1),t] dx(t
k, S =wE Ylx(@),1l _ oylx(@).1]  oplx(@).1], x()=—w+ks~v _0
dt ot ox dt §

sothat S =Ev . (power flux) = (energy density) x (velocity)



& Can also calculate local power deposition along the ray %

E xB' E xB B’ &E -(I+x")E,

. * a
. e, wk - x' - E

k. - + =W +
2u, 2u, 2u, 2 2
Poynting vector Wave/plasma energy Dissipative wave-
(power/area) density (nondissipative) plasma interaction
imaginary part:

. _* . _* ” . _*
2ksi' Sel[w vl V- [Sel[w Y ]]=(1)80ES' X“. Esel[w Yl

Integrate over a volume element along a ray trajectory:

S ~ Power /| Area

Net decrease in power flux = volumetric dissipation



Need to calculate necessary areas

it

eUse Voronoi tessellations to calculate
area belonging to each ray




¢ Ray tracing equations for a given mode can be obtained

For a given solution @ = a)o[x,t,k(x,t)]

Jdw
Vo =V 0. (Vk
w W, + P (Vk)
ok dw
Vw=—5 : o”ko =v, 5 v, (Vk)=(v, V)k
ok dk dcx 0
—+(, Vk=—=-Vo, ; > _ T

ot dt dt  Jdk

Variation in local solution w, alters local wavenumber and trajectory path.

Nsx(N.sXEs)'i'Es‘l'ZXu'Es:O

tells us about all the modes; ray tracing
codes only tell us about one at a time.




New terms in the MHD equations match the linear

RF terms
k., xE, = wB, k.-B, =

c2[kst3] — _WE. quu/ ’”vd"‘ k,-E, = qu/fzi_p d3v

it

OV o
MaNus ( ot + (vus ' v)vus) - _V(nusTas) — eV Hu + QaNas [EOS + Vus X BOs] + Ra

2 Gi(6—0") 2 i(0—¥")
;e y )R+ y )qa/fff[E;+va;] d®v +c.c.
82<ei(w—w*>>80ks *
= E - a, E
2 S X N
3 aTas
Enas ot + (vas ' V)Tas + nasTasv ' vas = —€V - Qo — GHQ . Vvus + Qa

2 pi(v—1y") 2 pi(v—y")
€le y ) 50+ y ) 4o [(E*+stB;) /fQF(v Vas) d° ]+c.c.

) 82<ei(w—w*)>8o ok
2

+

JE.- " E,

I Ila



Analytic form for new terms

it

a0 2

% W
2Es ) )Ca Es = Z 32136—/\05503\/7_73_53"'X
n=—oo

V )\us(w - nQus)Ezs
+
nkﬂvtas

V Au:;(w — nQus)Ezs

nk”vtus

E:rs - 2.‘Eys

2
[In(’\as) — In+l(Ao;s)] (ZAaleysF +n )
)

Ers +iEys +

+ [In(Aus) - In—l(Aas)] (2Aas|Eys|2 —n

lla o

Highly localized at cyclot e Pl
ighly localized at cyclotron resonance; =
\/Ek”vm




Closures will add additional, significant physics
as we move toward self-consistent NTM simulations

oF, OF, e o e O
o @ goi(y—yYt)y 7, - *
e( 5 TV -VF, + (E03+v><B03) 6‘v)+4ma<e >6v [(E:+vxB))fi¥] +cc.

me [, , v?I\ myv"? 5\ V' - VT,
+ f.Mas {Tas (V A4 3 ) :VVas + ( 2Tas B Tas

4 2 (i(v—y")
4 — -(Ru+€<e )aRa—evna)

Naslas 4
m, v 1 €2(ei¥—1"))
+ ( 3Tas - 1) nasTas (Qa + 4 5Q(X -_ Cv . qC! S GHQ . vva)
( i(Y—y ) an . )
+: 4n (_/fa E{+vxB]d )+c.c.
2 il—1")
46 (zn T }a (7;&;1’ _ 1) [(E;+Vm x B?) - (/fg(v_vm) dsv)] e c_}

_ (e’ v7) RF ;RF« RFs ¢RFY].
ZC(f\dQs+€Fa:f\fﬁs+fFS)+ 1 Z[C( yfas )+ C(fas " fas )]s
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*RF interaction increases electron 1

eLower collisionality (~1/v*3)
*Net momentum transfer between

jons and electrons; current
(a) Fisch-Boozer

Fokker-Planck physics effects we’ll need to capture

=naqa(E+‘7a xé)—ﬁpa _V- T, +N

v,V

Figlurtte from R. Prater, Phys. Plasmas 11, 2349 (2004).

~  3ed
J+d
5T

e

_
+F,

*RF interaction moves particles across
trapped-passing boundary
*Symmetric detrapping, asymmetric

trapping; current (opposite direction)

(b) Ohkawa
V)

st TS T-P
™4/  Boundary

ViV,



A Present status and plans

*Developments to the control system are ongoing

*\Writing several papers:
-Form of new terms in the fluid equations and kinetic equation for closure
-Computational methods, and how to translate between the various physics objects in
this problem (MHD fluids, individual RF rays, and the RF ray bundle).
-Physics results

*QL operator to be implemented in Eric’s closure scheme (S. Kruger’s talk yesterday)



